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Abstract: The growth behaviors of hydrogen bubbles and intermetallic compounds (IMCs) during
solidification of an Al-5 wt.% Mn alloy was investigated by synchrotron radiography. Results show
that bubble collapse can increase hydrogen concentration in nearby Al melt, thus facilitating the
formation and growth of new bubbles. Under the interference of Al6Mn IMCs, the growth method
of an individual bubble is changed from a Gaussian distribution to a linear model. Al6Mn crystal
growth can be divided into three stages: first an isotropic spherical crystal appears, then it evolves
into primary branches, and eventually forms an irregular octahedron.
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1. Introduction

Al-Mn alloys have been widely used in the automobile and aerospace industries
due to their excellent plasticity and corrosion resistance [1–3]. As a large number of
intermetallic compounds (IMCs) can form during solidification of Al-Mn alloys, and the
type, morphology and distribution of IMCs have an important effect on their performances,
much work has focused on the formation and growth dynamic of IMCs [3–6]. For example,
H.J. Kang et al. [1,4] found that the primary Al6Mn IMCs transformed from solid polyhedra
to hollow structures and subsequently to dendrites with increasing growth velocity, and
this transition is a result of the competitive growth of different crystallographic planes.
Z.W. Chen et al. [7] concluded that the Al6Mn morphology successively exhibits a block-
like, feather-like, snowflake-like, and lotus leaf-like phase with increasing Mn content in a
suction casting Al-Mn alloy. For the formation of IMCs in other processes, using a quasi in
situ observation method, Qiao et al. [8] found that the smaller θ-angle β-Sn grains show
asymmetric Cu-Sn IMC growth due to the diffusion anisotropic of the Cu atom, while the
larger ones exhibit symmetric growth during isothermal aging. Chen et al. [9] quantified
three kinds of TiB2 agglomerates in in situ Al/TiB2 composites and revealed that these
three agglomerates come from three different reactions. Anton et al. [10] investigated the
growth behavior of α-Al(FeMnCr)Si IMCs in solidifying recycled Al alloys by micro-focus
X-ray imaging technique, they demonstrated that surface oxides can act as nucleation sites
for α-Al(FeMnCr)Si IMCs, and their crystal types mainly depend on the applied growth
conditions. Obviously, the formation and morphological evolution of IMCs mainly depends
on the metallurgical history and the alloy composition.

In addition to IMCs, the hydrogen bubble is another commonly observed phase in
solidifying Al-Mn alloy [5,6]. As the hydrogen bubble can reduce the mechanical properties
of aluminum castings, a considerable amount of effort has been made to reveal the bubble
behaviors [5,6,11–19]. It was shown that the bubble exercises a crucial influence on the
IMCs growth. For example, we found that Al4Mn IMCs can appear in Al-10 wt.% Mn alloys
during heating, which is closely related to concentration fluctuation of Mn solute caused by
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the bubble coalescence [6]. Additionally, the bubble can accelerate the IMCs dissolution in
heating Al-5 wt.% Mn alloy [5] and can block the growth of IMCs in solidifying Al-12 wt.%
Ni alloy [15]. Although a great deal of effort has been made, the detailed morphological
features and dynamic growth information of bubbles and IMCs in solidifying Al-Mn alloy
is still unrevealed. Furthermore, the effect of IMCs on the bubble behavior remains to be
not fully elucidated in solidifying Al-Mn alloy.

Synchrotron radiation X-ray is an electromagnetic radiation emitted by accelerating
electrons moving along a curved orbit under the influence of an external magnetic field.
It is characterized by high intensity, high collimation, high brightness, and continuous
wavelength spectrum. These properties enable it to penetrate the metallic materials to
observe the microstructure evolution during solidification [20].

In this work, we directly observed the bubbles and IMCs evolution during solidifi-
cation of the Al-5 wt.% Mn alloy by synchrotron radiography. The growth mechanism
of the bubbles and IMCs is clarified. The results would provide a theoretical guide for
understanding the solidification microstructure formation of Al-Mn alloys.

2. Materials and Methods

Mixture of block-shaped pure Al (99.99%) and pure Mn (99.99%) was used to fabricate
Al-5 wt.% Mn alloy in a vacuum induction furnace. Like the spray casting method, the
mixture materials were placed in a quartz crucible with a nozzle (about 0.5 mm in diameter)
at its bottom and were heated by induction melting under argon atmosphere. After the
alloy melt was heated to a molten state and uniformly mixed, it was ejected from the
nozzle into a Cu mold by high-pressure argon gas. Then, the prepared ingot was cut and
polished to thin sheet with the size of 12 × 8 × 0.4 mm. There is a short distance between
the quartz tube and the copper mold during the injection, leading to rapid cooling of the
melt. Therefore, the copper impurities introduced during this process are negligible and
primarily concentrated on the surface of the alloy, which are removed during subsequent
machining steps. The detailed preparation process can also be found in our previous
work [6].

The sliced Al-5 wt.% Mn alloy sample was enclosed between two aluminum oxide
sheets and was overheated to 1118 K, which is much higher than its liquidus temperature
according to the Al-Mn phase diagram [21], and can ensure sufficient mixing of components.
Then, the overheated alloy melt cools by turning off the furnace with the cooling rate
of 0.11 K/s, and the structural evolution during cooling was tracked by X-ray imaging
experiments at BL13W1 beam line station of Shanghai Synchrotron Radiation Facility (SSRF).
The samples were sandwiched between two thin alumina sheets for two reasons: (1) to keep
the molten sample still on the X-ray path, preventing the Al-Mn alloy melt outflow from the
view field; (2) as alumina has a low density and small X-ray absorption coefficient, it allows
X-rays to pass through easily without significantly affecting imaging effect. The sketch of
the imaging process can be found in ref. [6]. The X-ray energy, pixel size and exposure time
we used are 26 keV, 3.25 µm and 1.5 s, respectively. The Crystallographic Information File
(CIF file) of the Al6Mn IMCs is obtained from the Materials Project database. All of the
Al6Mn crystal structure pictures are obtained by importing the CIF file of Al6Mn into the
Vesta software (Visualization for Electronic and Structural Analysis, Ver. 3.5.8).

3. Results and Discussion
3.1. Growth Behavior of Bubbles

Figure 1 shows the synchrotron images of microstructural evolution during solid-
ification of the Al-5 wt.% Mn alloy. The light circle phase is the hydrogen bubble, the
irregular gray phase is Al-Mn IMCs, which is identified as the Al6Mn phase according
to the Al-Mn alloy phase diagram [21] and Kang et al. [1,2]. The time when the Al-Mn
alloy started to cool was set as the initial time (0 s). Three irregular shrinkage pores appear
under high-temperature conditions (Figure 1a), and these three pores would come from
the Al2O3 bi-film effect [22]. As seen in Figure 1, bubble 1# grows first (Figure 1b–e), then
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breaks up (Figure 1e,f, the breaking up is visible in Figure 1f) and finally disappears at 666 s
(Figure 1g). Bubble 2# appears at the position where bubble 1# had vanished and is fed by
matrix liquid after the bubble collapse. With a continued decrease in temperature, Al6Mn
IMCs nucleate before 1036.5 s (Figure 1k), and the Al6Msn crystal grow in six different
orientations [1,4]. Subsequently, bubble 3# nucleates, grows and deforms until it touches
the growing Al6Mn IMCs (Figure 1o,p) at 1842 s.
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Figure 1. Synchrotron radiation images of the microstructure evolution during solidification of the
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Hydrogen in the Al-matrix melt mainly comes from the extensively reaction of water
vapor with the molten Al [6,23,24]. The produced hydrogen atoms gathered around Al
alloy surface and can dissolve into the molten Al. As the hydrogen solubility in solid Al is
much smaller than that in liquid Al [15], hydrogen bubbles can easily form when hydrogen
supersaturation builds up to the nucleation needed value during solidification. Therefore,
most of the Al alloys have the bubble formation characteristic instead of only existing in
the Al-Mn alloy.

For bubble 1#, the pressure inside the bubble (PH) can be described as follows [16]:

PH = Pmet +
2γ

r
(1)

where Pmet is the metallostatic pressure, γ is the bubble/matrix melt interfacial energy,
and r is the bubble radius. As the alloy viscosity increases with decreasing temperature,
Pmet will also increase. When Pmet + 2γ/r > PH, bubble 1# breaks into three small bubbles
under the influence of metal static pressure (Figure 1e,f). Then, the three broken bubbles
disappear with decreasing temperature (Figure 1g).

After that bubble 1# broken into three small bubbles for 186 s, bubble 2# appears in the
same place as bubble #1 appeared (Figure 1h), which can be explained by the fluctuation of
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hydrogen concentration in the Al melt. Whether the bubble forms or not mainly depends
on the hydrogen concentration. When the hydrogen concentration reaches the critical
supersaturation for nucleation, the bubble will nucleate [6,24]. In Figure 1, the collapse of
bubble 1# can increase the hydrogen concentration and supersaturation in the nearby melt,
facilitating the nucleation and growth of bubble 2#.

Figure 2 shows the time dependence of the bubble radius of the three marked bubbles
in Figure 1. From Figure 2a, the Gaussian distribution can well describe the growth curve of
bubble 1# and bubble 2#, which means that the bubble is dominated by hydrogen diffusion
and grows in a stochastic way [18,19]. The sharp size reduction in bubble 2# is caused by
the burst due to high internal pressure, then the Al-matrix melt feed at the position where
bubble 2# collapsed (Figure 1j).
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From Figure 2b, the growth of bubble 3# can be divided into two stages. At stage I, as
bubble 3# has not touched IMC, it can grow freely and follow Gaussian distribution [18,19].
At stage II, after the bubble 3# hit IMC at 1842 s, the bubble grows linearly with time. The
main reason for this change is the variation in the hydrogen concentration gradient around
the bubble. Figure 3 shows the hydrogen concentration distribution around the bubble.
As shown in Figure 3a, the hydrogen concentration gradient shows a gradual decrease
along the radial direction without the interference of surrounding IMCs. So, the growth
rate gradually decreases with time at stage I.
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interference of surrounding IMC.

After bubble 3# collided with the IMC (stage II), the bubble growth rate is almost
constant (Figure 3b), which means the hydrogen concentration gradient around bubble 3#
is a relatively stable value. This is mainly because the hydrogen solubility in the Al matrix
melt is much larger than that in the Al6Mn IMCs. The growth of Al6Mn IMCs will consume
the surrounding Al melt and thus release the hydrogen (the amount of hydrogen released
is J2 in Figure 3b), resulting in a considerable increase in hydrogen concentration around
bubble 3#. Meanwhile, the growth of bubble 3# involves the consumption of hydrogen from
the surrounding Al-Mn melt (the amount of hydrogen consumed is J1 in Figure 3b), leading
to a reduction in the hydrogen concentration in the matrix liquid. When the increase in
hydrogen concentration in the nearby Al6Mn melt equals to the decrease around the bubble
3# (J1 = J2), it will form a stable hydrogen concentration gradient around bubble 3#. This
would explain why bubble 3# grows linearly at stage II.

3.2. Growth Mechanism of Al6Mn IMCs

From Figure 1j–p, Al6Mn IMCs gradually precipitate from the Al-matrix melt during
solidification, and two IMCs, Al6Mn 1′# and Al6Mn 2′#, are almost simultaneously formed
at 966 s. The surface oxide film of the aluminum melt (marked by orange circle in Figure 1j)
acts as a heterogeneous nucleation site for Al6Mn 2′# formation. Then, Al6Mn 2′# grows
along six different growth directions and presents a faceted growth characteristic (the larger
version in Figure 1k,p).

Figure 4 shows the unit cell structure of Al6Mn, and it has an orthorhombic structure
with a = 6.38 Å, b = 7.46 Å, c = 8.76 Å, α = β = γ = 90◦ [25]. From Figure 4, the closely packed
Al atomic layers are approximately parallel to the (011) and (101) planes. As the growth rate
of the closely packed crystal planes is slower than that of the loose ones, the close crystal
faces are eventually preserved. Therefore, it tends to form an octahedron surrounded by
eight closely packed (011) and (101) crystal faces under near equilibrium solidification
conditions. Nevertheless, the final crystal shape should not be a regular octahedron because
of the lattice constants a ̸= b ̸= c. By importing the Al6Mn crystallographic information
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in the Vesta software (Ver. 3.5.8), when the Al-Mn bond length increases from 2.7 Å to
4.2 Å, an irregular octahedron composed of six triangular faces and two quadrilateral
faces appears (Figure 4e), and each Mn atom is surrounded by six Al atoms with the
coordination number of 6. Therefore, six crystal faces can be observed from the top view of
Al6Mn 2′# in Figure 1m–p. When the bond distance further increases to 4.3 Å, an irregular
tetrakaidecahedron appears with the coordination number of 10 (Figure 4f). According to
Wang et al. [26], for cubic crystal, if V[100]/V[111] =

√
3 (V[100] and V[111] are the growth

velocity along [100] and [111]), the crystal will grow into a perfect octahedral crystal; when
V[100]/V[111] >

√
3, the crystal will grow in dendritic form; when V[100]/V[111] <

√
3,

the crystal will grow into a tetrakaidecahedron [26]. So, it is a considerable possibility that
tetrakaidecahedron and octahedral crystals can be formed during the actual growth process
(Figure 4e,f).
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Figure 5a–c show the schematic of the Al6Mn morphological evolution in solidifying
the Al-Mn alloy. As the Al-Mn alloy was furnace-cooled under near equilibrium solidifica-
tion conditions, the solute concentration gradient around the crystal embryo in the nearby
matrix melt is symmetrical [27]. Therefore, the radial growth rate of the small embryo is
isotropic, resulting in the formation of spherical crystal at the initial stage, as shown in
Figure 5a,d. When the spherical crystal continues to grow and exceeds the critical size, it
will gradually lose stability because of the difference in the packing density of different
crystal faces [27]. The structural fluctuations on the crystal surface can lead to the formation
of small hump, which will grow along the preferred growth direction (the most loosely
packed direction <100>), and will evolve into primary branches (Figure 5b,e). Additionally,
as the lattice parameter of orthogonal crystal is a ̸= b ̸= c, the growth rates in the six <100>
directions are different, leading to faster growth in some directions than others (Figure 5e).

Figure 4. The unit cell of Al6Mn intermetallic compound (a), the projections of Al6Mn unit cell
along the [100] (b), [010] (c) and [001] (d) directions, and sketch of Al6Mn octahedron (e) and
tetrakaidecahedron (f).

Figure 5a–c show the schematic of the Al6Mn morphological evolution in solidifying
the Al-Mn alloy. As the Al-Mn alloy was furnace-cooled under near equilibrium solidifica-
tion conditions, the solute concentration gradient around the crystal embryo in the nearby
matrix melt is symmetrical [27]. Therefore, the radial growth rate of the small embryo is
isotropic, resulting in the formation of spherical crystal at the initial stage, as shown in
Figure 5a,d. When the spherical crystal continues to grow and exceeds the critical size, it
will gradually lose stability because of the difference in the packing density of different
crystal faces [27]. The structural fluctuations on the crystal surface can lead to the formation
of small hump, which will grow along the preferred growth direction (the most loosely
packed direction <100>), and will evolve into primary branches (Figure 5b,e). Additionally,
as the lattice parameter of orthogonal crystal is a ̸= b ̸= c, the growth rates in the six <100>
directions are different, leading to faster growth in some directions than others (Figure 5e).
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Further, compared with {100} crystal planes, {110} planes exhibit higher planar density and
slower growth rates, therefore, the {100} crystal planes with high growth rates gradually
shrink and disappear eventually. In contrast, the {110} crystal planes are preserved, leading
to the formation of a standard octahedron.
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However, the real growth process of an orthogonal crystal is much more complex.
When the lattice parameters or external environment (the solute and temperature fields)
change, different polyhedra can be formed. As shown in Figure 5c, by adjusting the
minimum bonding distance between Al and Mn in Vesta software, the irregular octahedron
appears, which agrees well with the near-equilibrium solidification of Al6Mn 2# (Figure 5f).

It should be noted that the formation of IMCs has a great effect on the mechanical
properties of the alloy. The elongated polyhedral IMCs can result in severe concentration
of stress, at which there is a great probability to cause crack formation and material
fracture under the role of the external forces. Therefore, the elongated phase would cause
harm to the mechanical properties of the Al-Mn alloy. On the contrary, if the IMCs are
of near-spherical shapes and disperse uniformly in the Al-matrix, they would enhance
the properties of the Al-Mn alloy because of second-phase strengthening. Additionally,
static characterization methods, such as XRD and SEM, are used to indirectly study the
phase structure and fracture morphology to reveal the fracture mechanism of the materials
containing IMCs. Therefore, it is still not well understood how these fractures form. Our
in situ synchrotron X-ray imaging studies of IMCs can effectively address this gap. By
adjusting different solidification paths to control the morphological evolution of IMCs, we
can understand the formation of the harmful second phase and propose an appropriate
solidification condition that can obtain a fine and uniform structure.

4. Conclusions

In summary, the morphological evolution of hydrogen bubbles and IMCs in solidifying
Al-5 wt.% Mn alloy has been investigated using the synchrotron X-ray imaging technique.
Before touching Al6Mn IMCs, the growth behavior of individual bubble follows a Gaussian
distribution, then it grows linearly after contacting IMCs. Al6Mn crystal growth goes
through three phases: formation of an isotropic spherical crystal, evolutionary branching,
and subsequent growth of an irregular octahedron.
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